There was reason from bacterial and algl systems to expect that pretreatments with a paraquat analog might confer tolerance against a subsequent paraquat treatment. Thus, a series of compounds were tested for protective activity agait bipyridinium herbicides. These included other bipyridinium compounds and derivatives, as well as compounds having similar or more positive redox potentials than paraquat and compounds known to increase or maintain high superoxide dismutase activity levels in plants.
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to H202 (29) . H202 is much less reactive than the oxygen radicals and can be further detoxified by the plastids, possibly due to the presence of the following enzyme system (12) Paraquat-resistant biotypes have appeared in usually susceptible species, in cases where multiple annual field treatments of paraquat were given (13) . A 300% increase in chloroplast SOD activity was found in resistant Conyza linifolia (= C. bonariensis) and a 56% increase in tolerant Lolium perenne when compared to susceptible biotypes. This increase was accompanied by an increase in catalase and peroxidase activities in the leaves, though not in the chloroplasts, of resistant L. perenne (13) .
There are indications that SOD activity may be induced. SOD was induced after exposure of Phaseolus vulgaris to ethylenediurea (an antioxidant) (16) , and after exposure ofEscherichia coli to sublethal doses of paraquat (14) . A slight increase in paraquat tolerance in the green alga Chlorella sorokiniana was correlated to increased SOD activity obtained after exposure to low levels of paraquat (22) .
It was recently proposed that the induction of SOD might confer plant tolerance to paraquat, if high levels could be maintained (10) . Conversely, there might be ways to achieve tolerance to the bipyridinium herbicides without increasing SOD activity levels. We thus designed a series of experiments to try to find compounds which could protect against bipyridinium herbicides based on many possible criteria. The compound that conferred protection, benzyl viologen, did not do so at the level of the thylakoid, as indicated below.
MATERIALS AND METHODS Plant Material. Spirodela oligorrhiza (Kurz) Hegelm. colonies were axenically cultured on the mineral medium used previously (18) . Fronds were cultured in 1-L Fernbach flasks containing 250 ml mineral medium with the addition of 1 g/l sucrose, and fortnightly were transferred to fresh medium. The flasks were kept in a growth chamber at 25°C under continuous cool-white fluorescent light (25-30 uE/m2s-, PAR). Fronds were transferred to mineral medium without sucrose at least 4 d before each experiment.
Herbicide and Putative-Protectant Treatments. One or two S. oligorrhiza colonies (5 to 10 mg FW) were placed in a well of a "Costar" cluster dish containing 1.0 ml mineral medium in the presence or absence of paraquat, diquat, or other chemicals. Light fluence rates, preincubation and exposure times, and concentrations are specified for each experiment.
In each experiment, up to six 24-well cluster dishes were employed. Thus, 36 (27) , with some modifications (19) . Superoxide radicals were enzymically generated by the hypoxanthine/xanthine oxidase system. Hypoxanthine (Sigma) was used as it is twice as efficient as xanthine in liberating superoxide radicals (19) . Acetylation of Cyt c (Horse-heart type III, Sigma) was performed according to Azzi et al. (cf. 19) . The following were added to a cuvette in this order: 250 Mg acetylated Cyt c, 25 Mg hypoxanthine, 10 to 500 ul S. oligorrhiza thylakoids, and 0.1 M phosphate buffer, pH 7.8, to a final volume of 2.0 ml. Then, 0.5 ml of 1 mg/ml xanthine oxidase from buttermilk (Sigma) was added. The xanthine oxidase solution was prepared immediately before use. The rate of reduction of acetylated Cyt c at room temperature (followed at 550 nm) was constant for the first 45 s after the addition of xanthine oxidase. The control rate of acetylated Cyt c reduction was from 0.03 to 0.04 A550/min. A SOD unit is defined as a suitable concentration of enzyme causing a 25% decrease in the rate of the acetylated Cyt c reduction. The limit of assay was 50% inhibition (5) .
Cytochrome Oxidase Activity. The lack of interference by Cyt oxidase in the unwashed thylakoid preparation was verified (27) . Acetylated Cyt c was reduced with sodium dithionite (cf. 27) and added to a cuvette at the same concentration as in the determination of SOD. Hypoxanthine and xanthine oxidase solutions were omitted and equal volumes of 0.1 M phosphate buffer pH 7.8, were added instead. Finally, the S. oligorrhiza thylakoid preparation was added and a decrease in A550 was monitored. Cyt oxidase activity was negligible in all SOD extracts tested with acetylated Cyt.
Protein Determination. Protein was estimated by the method of Bradford (4) , with Coomassie brilliant blue. BSA solutions were used as standards.
RESULTS
Many compounds were tested to find an agent which would protect the plants from paraquat injury. The first group of inactive compounds included 0.1 mM 2,2'-dipyridyl (Sigma), which structurally resembles diquat; 0.1 to 10 gM rose bengal, which has similar physiological effects as paraquat (21) ;0.1 to 1 Mm piperonyl-butoxide (4,5-methylenedioxy-2-propyl-benzyldiethyleneglycol-butylether, Fluka), which is known to prevent ozone injury in Nicotiana tabacum (15); 0.1 to 10 mm sulfite ions (used as an alternative toSO2), which increased SOD levels in Populus euramericana leaves (cf. 10); I to 100 gM ethylenediurea, which prevents ozone injury in P. vulgaris and increases SOD activity levels (16) ; and pretreatments with a sublethal level of paraquat, which increased SOD levels in E. coli (14) andC. sorokiniana (22) . We used 0.01Mm paraquat; higher doses were already lethal.
Next we tested a series of compounds using the following criteria. (e) Other compounds which contain either tertiary or quaternary pyridine rings which might resemble paraquat: 4,4'-dithiodipyridyl, 2,2'-dithiodipyridyl, acridine, 5-aminoacridine, N-n. butylacridinium bromide.
(f) A compound which reduces ozone injury: piperonal (3,4- (methylenedioxy)-benzaldehyde) (15) .
The Chl content and 4CO2 fixation capacity of the colonies were measured after a 24-h preincubation with the putative protectant and a 24-h exposure to paraquat at 80 to 85 ME/M2. (17) .
None of the chemicals including benzyl viologen, effected more than a 20% protection ofthe "CO2 fixation capacity of the plants. Even Interaction between Benzyl Viologen, Paraquat, and Diquat. Continuous Co-Treatments. As benzyl viologen showed some promise as a protective agent, we further assessed its interactions with paraquat and diquat (Fig. 1) . Benzyl viologen (10 MM) protected Chl when the plants were treated simultaneously with paraquat ( Fig. 1A ) but no significant protection of "CO2 fixation was detected (Fig. 1B) . A better protection was obtained against diquat damage (Fig. 1, C and D) . "CO2 fixation was significantly higher in benzyl viologen treated versus untreated colonies exposed to 0.1 Mm diquat (Fig. 1D) . Additionally, diquat alone is more toxic than paraquat to most monocots, including S. oligorrhiza (3).
Plants exposed continuously to these herbicide levels eventually died even in the presence of benzyl viologen. Benzyl viologen only delayed Chl breakdown and ultimate death, but did not eliminate the toxic effects of paraquat or diquat. Furthermore, long exposures to the fluence rates used (80-85 ME/ m s, PAR) were toxic, even to untreated colonies. Chlorotic lesions and decreases in "C02 fixation were occasionally detected in colonies which had been exposed at these fluence rates for 24 h to 10 M benzyl viologen without the herbicides.
Pulse Treatments with Herbicide andPutative Protectants. The rate of disappearance of the bipyridinium herbicides is much higher in the field or in water than under our experimental conditions. The presence of high sunlight, which promotes UVmediated degradation, water movement, and conjugation to soil or other colloids cause the herbicide levels to rapidly decline (6) . These factors are absent in a 10-mm diameter well containing 1 ml medium in quasi-sterile conditions illuminated by relatively low fluence cool-white fluorescent light. Thus, the next approach was to mimic more 'natural' conditions by removing the herbicide from the medium after a fixed period. Fluence-rates were lowered to a level of 40 ME/mn2-s, PAR, which is closer to the normal environmental levels of our S. oligorrhiza strain.
After a 24-h preincubation with or without 10 . 3 . Long-term protection by benzyl viologen against diquat toxicity. Colonies were subjected to the benzyl viologen and diquat treatment described in Figure 2 , and transferred to 30 ml mineral medium. FW increase was determined after 10 d of culture under 40 to 45 M&E/m2-s, PAR, cool-white fluorescent light.
viologen, colonies were exposed for 2 h to paraquat or diquat, then transferred to fresh medium and re-transferred to fresh medium daily for 3 d. Chl content and "CO2 fixation were then determined. The results ofthese experiments are shown in Figure  2 .
Benzyl viologen treatments clearly protected against paraquat (Fig. 2, A , B, C). Protection was apparent by visual evaluation ( Fig. 2A) and Chl content (Fig. 2B ) at 3.2 to 32 #M paraquat.
Protection was also apparent at 1.0 Mm paraquat when photosynthesis was measured (Fig. 2C) . The Iso value for Chl bleaching and for photosynthesis increased about 4-fold after a 10 Mm benzyl viologen pretreatment (Fig. 2, B and C). Injury was not detected at 1 ,gM paraquat by the criterion of Chl breakdown in unprotected plants, as Chl breakdown occurs after the abolition of photosynthesis (8) .
The effect of a 24-h preincubation with 10 Mm benzyl viologen on diquat toxicity was even more pronounced than protection against paraquat (Fig. 2, D, E, F) . Benzyl viologen-treated plants were relatively unaffected by 1.0 to 3.2 Mm diquat as assayed by visual evaluation (Fig. 2D) , Chl bleaching (Fig. 2E) , and photosynthesis (Fig. 2F) . Diquat (3.2 gM) caused almost complete bleaching and death of colonies which were not treated with benzyl viologen within 3 d of exposure. There was almost no growth inhibition, Chl a or b loss (17) , nor a significant drop in photosynthesis in benzyl viologen-treated plants. The I5o for Chl bleaching increased more than 8-fold (Fig. 2E) and the Iso for photosynthesis inced about 4-fold after benzyl viologen preincubation (Fig. 2F) .
The benzyl viologen and diquat treated plants were further cultured to ascertain if there was any late exprssion of damage (Fig. 3) . Apparently normal colonies were obtained, as judged both by visual appearance, Chl content, and photosynthetic capacity, after benzyl viologen-treated plants were exposed to otherwise lethal levels of diquat. Indeed, the I50 for diquat increased about 14-fold after the benzyl viologen pretreatment. We assayed for the minimal time needed to confer the plants with tolerance toward diquat and paraquat. Benzyl viologen (10 Mm) conferred protection both when applied simultaneously with the herbicides (at 3Mm) or when it was administered up to 24 h before the toxic treatment, based on 14CO2 fixation capacity (Fig.  4) . NADP Reduction. It was important to ascertain whether the benzyl viologen-induced protection could also be detected in isolated thylakoids. Benzyl viologen might serve as an artificial intermediate in the photosynthetic electron transport chain (25) . If so, benzyl viologen would not inhibit photosynthetic NADP reduction. However, paraquat, diquat, and benzyl viologen all inhibited the rate of light-induced NADP reduction to approximately the same extent (Fig. 5) . Benzyl viologen appeared to be as toxic as diquat and paraquat, and its toxicity was additive to that of diquat. This is in contrast to the whole plant system, where benzyl viologen was much less toxic than the bipyridinium herbicides.
Ptraquat (JAM)
Superoxide Dismutase Activity after Benzyl Viologen Treatment. We found a significant increase in thylakoid SOD activity after the colonies were exposed for 24 h to IO0Mm benzyl viologen at 40 to 45 1E/m2 s, PAR, ( (8) as the blockage precludes availability of electrons for free-radical formation by PSI. This is quite different from the effects of benzyl viologen, as monuron-treated plants cannot fix CO2. In contrast, benzyl viologen-protected plants did not totally lose their photosynthetic capacity (Figs. 1, 2, 4) .
Amphiphilic viologens could bind to the thylakoid membranes by hydrophobic interactions and serve as artificial electron carriers (7) . Benzyl viologen may act as an intermediate electron carrier, bypassing part of the normal photosynthetic electron transport chain (25) . Benzyl viologen can form relatively stable bipyridyl radicals by a one-electron reduction of the cation and thus should be herbicidal. Benzyl viologen was about 100-times less inhibitory to '4C02 fixation than paraquat on S. oligorrhiza colonies in our conditions, somewhat less by visual evaluations (23) . Plants seemed normal and healthy after a 24-h exposure to 10 gM benzyl viologen at 40 to 45 pE/m2 _s, PAR, if they were subsequently transferred to fresh medium. The plants even tolerated doses of the herbicides that would have been lethal, if not for the benzyl viologen treatment (Fig. 2) . The benzyl viologen radical is more easily reduced than the respective paraquat or diquat radicals (28) . A second electron from the photosynthetic electron transport chain might further reduce the radical to form a stable neutral molecule. Benzyl viologen could thus lose its toxicity, as reduction of 02 to form 02-would be very unlikely.
After benzyl viologen was applied to broken chloroplasts kept in aerobic conditions, superoxide radical was formed and there was a breakdown of lipid constituents (1, 26) . There was no marked difference between the levels of 02-liberated by similar concentrations of paraquat, diquat, triquat, or benzyl viologen, as measured by SOD-dependent reduction of Cyt c (1) . Furthermore, benzyl viologen itselfenhanced the rates of02-production to a similar extent. Thus, at the level of the thylakoid, benzyl viologen was rather toxic (Fig. 5) , whereas at the whole plant level, benzyl viologen was rather inoffensive.
It is necessary to attempt to explain the discrepancy between the benzyl viologen-mediated protection at the whole plant level and its toxicity at the thylakoid level. In addition, it may be difficult to conceive that a 50% increase in SOD activity is sufficient to confer protection, especially as the protection was immediate (Fig. 4) , and it takes time to increase enzyme activity levels. The following explanations seem feasible:
(a) Benzyl viologen is rapidly metabolized to a protective component. Benzyl viologen could thus be toxic to broken plastids if they did not contain the enzymes involved.
(b) Benzyl viologen binds to a site on the plasmalemma or the plastid envelope for which it has high affinity and prevents penetration of paraquat, diquat, and benzyl viologen itself. Amphiphilic viologens bind strongly, affecting thylakoid structure and properties (7), supporting this possibility.
(c) Benzyl viologen interacts with a stromal or thylakoidal component and together they interact to accept electrons from paraquat and recycle them back into the electron transport chain. This hypothetical compound was lost during thylakoid preparation. An Azotobacter vinelandii enzyme (20) , catalyzed this NADP reduction, with benzyl viologen but not paraquat as the electron donor. However, such activity has not been detected in chloroplasts.
(d) It is, thus, possible that the herbicide-tolerance observed was indeed caused by an increase in SOD activity, especially if other factors involved in detoxificationof 02 (i.e. peroxidases, dehydroascorbate reductases, glutathione reductases, reduced glutathione, and ascorbate) were present at sufficient levels and just SOD activity was limiting. Similar increases in SOD activity were reported in paraquat-tolerant L. perenne biotypes compared to susceptible ones (13) .
Thus, as predicted (10) , treatment with a herbicidally inactive bipyridinium derivative conferred tolerance toward the bipyridinium herbicides, possibly by inducing higher levels of SOD. However, other mechanisms which are not necessarily involved with SOD induction may be responsible for the benzyl viologeninduced tolerance in S. oligorrhiza.
